BACKGROUND: Drug-coated balloons (DCBs) are a predominant revascularization therapy for symptomatic femoropopliteal artery disease. Because of the differences in excipients, paclitaxel dose, and coating morphologies, varying clinical outcomes have been observed with different DCBs. We report the results of 2 studies investigating the pharmacokinetic and clinical outcomes of a new DCB to treat femoropopliteal disease.
P eripheral artery disease is estimated to affect >200 million people worldwide. 1 Endovascular interventions for symptomatic lower extremity peripheral artery disease have become the primary treatment option in most clinical circumstances. 2, 3 Percutaneous transluminal angioplasty (PTA) remains highly effective for reducing symptomatic stenosis acutely. However, 1-year and longer-term effectiveness remains suboptimal as demonstrated in the control arm of modern stenting and drug-coated balloon (DCB) trials. [4] [5] [6] [7] The use of paclitaxel-coated balloons and drug-eluting stents has demonstrated improved patency and a reduction in clinically driven target lesion revascularization (CD-TLR) in comparison with PTA in randomized controlled trials. [6] [7] [8] [9] DCBs eliminate the presence of a mechanical scaffold, and thereby remove the technical burden of treating in-stent restenosis and the inherent risk of stent fracture. [10] [11] [12] The 2 Food and Drug Administration-approved DCBs have important differences in both drug make-up (ie, excipient/paclitaxel dose and coating formulation) and effectiveness outcomes. 6, 7 The LEVANT 2 Study (Lutonix Paclitaxel-Coated Balloon for the Prevention of Femoropopliteal Restenosis) 7 evaluated the Lutonix DCB (C.R. Bard/Lutonix Inc) with an excipient of polysorbate and sorbitol and a 2 μg/mm 2 dose of paclitaxel with primary patency of 73.5% at 12 months. The IN.PACT SFA study (Randomized Trial of IN.PACT Admiral® Drug Coated Balloon vs Standard PTA for the Treatment of SFA and Proximal Popliteal Arterial Disease) 6 evaluated the IN.PACT Admiral DCB (Medtronic Vascular) with urea as the excipient and a paclitaxel dose of 3.5 μg/mm 2 with a primary patency of 86.6% at 12 months 6, 13 ; both DCBs were superior to their respective control PTA arms. The ILLUMENATE Pivotal Study (Prospective, Randomized, Single-Blind, U.S. Multi-Center Study to Evaluate Treatment of Obstructive Superficial Femoral Artery or Popliteal Lesions With A Novel Paclitaxel-Coated Percutaneous Angioplasty Balloon) assessed the Stellarex DCB (Spectranetics Corp) with a 2 µg/mm 2 paclitaxel dose and a novel excipient (polyethylene glycol).
The single-arm ILLUMENATE First-In-Human Study showed 12-month and 24-month patency rates of 89.5% and 80.3%, respectively. 14 demonstrates the safety and effectiveness of the Stellarex drug-coated balloon for treatment of peripheral artery disease in patients with claudication. • Both the primary safety and effectiveness end points were met and the superiority of Stellarex to percutaneous transluminal angioplasty was demonstrated in each case. • This is the second randomized trial of the Stellarex drug-coated balloon with similar outcomes, validating early conclusions and demonstrating consistency across cohorts and geographies.
What Is the Clinical Implication?
• The strong safety profile and the superior patency in comparison with percutaneous transluminal angioplasty, and the low rate of clinically driven target lesion revascularizations (7.9% at 1 year) make this drug-coated balloon a valuable treatment option for patients with superficial femoral and popliteal artery disease. 
METHODS

Study Designs
The ILLUMENATE Pivotal Study was a multicenter, singleblind, randomized controlled study designed to assess the safety and effectiveness of the Stellarex DCB in comparison with noncoated balloon angioplasty (PTA) in patients with symptoms of claudication and rest pain attributable to femoropopliteal artery disease. The concentration of circulating plasma paclitaxel following treatment with the Stellarex DCB was measured in the ILLUMENATE PK single-arm study. Both studies were approved by the Institutional Review Board or local Competent Authority/Ethics Committee at each participating site and patients provided written informed consent before any study-related procedures were performed. The studies were prospectively registered at ClinicalTrials.gov (NCT01858428 and NCT01912937).
ILLUMENATE Pivotal Study
Patient Population
Eligible patients presented with symptomatic leg ischemia (Rutherford-Becker Clinical Category class 2-4), angiographic evidence of 70% to 99% stenosis or chronic total occlusions with lesion lengths between 30 and 180 mm, within the superficial femoral artery and/or popliteal artery (segments P1-P2). Key study inclusion/exclusion criteria are provided in Table 1 .
Procedure and Follow-Up Requirements
Patients were screened for study eligibility based on the inclusion/exclusion criteria by clinical assessment, medical history, and angiography. Patients who met initial inclusion/ exclusion criteria received acetylsalicylic acid (aspirin), clopidogrel, and/or ticlopidine per investigator standard of care. Appropriate anticoagulation was administered per physician discretion. Diagnostic angiography was performed to evaluate eligibility by angiographic criteria. If the patient was eligible, and the lesion was crossed, predilatation with a standard PTA balloon of 1 mm less than that of the reference vessel diameter was performed. The inflation times and pressures were conducted per physician preference. If a flowlimiting dissection or a residual stenosis >70% was noted, the patient was considered a screen failure, excluded from the study, and treated in accordance with accepted standard of care. If all general clinical and angiographic criteria were met, the patient was then randomly assigned in a 2:1 ratio. The patient was blinded to the treatment provided; however, ORIGINAL RESEARCH ARTICLE the research team was unable to be blinded because of the visual differences between the DCB and standard balloon angioplasty catheters (uncoated). Research and treatment staff were educated and required to maintain the blinding status to patients. Following the procedure, patients were prescribed clopidogrel or ticlopidine for 30 days and aspirin for the duration of the study. The 1-month follow-up to review adverse events and medication compliance was conducted via office visit or telephone contact. Patients returned for clinical visits at 6 and 12 months, which included clinical assessment, functional status, adverse events, medication compliance, and duplex ultrasound (DUS). Follow-up is ongoing through 5 years.
End Points
The primary safety end point was a composite of freedom from device and procedure-related death through 30 days, and freedom from target limb major amputation and CD-TLR through 12 months. The primary effectiveness end point was primary patency through 12 months, defined as the absence of target lesion restenosis, measured by a duplex ultrasonography-derived peak systolic velocity ratio ≤2.5 and freedom from CD-TLR. CD-TLR was defined as reintervention of the target lesion because of percent diameter stenosis >50% by angiography, and Rutherford-Becker Clinical Category increase >1 or ankle-brachial index decrease >0.15.
Primary end points were independently adjudicated for their clinical and imaging components by the Clinical Events Committee and core laboratories, respectively, both blinded to the patient's assigned treatment. The duplex ultrasonography core laboratory was VasCore, Massachusetts General Hospital, and the angiography core laboratory was Beth Israel Deaconess Medical Center. Secondary outcomes included CD-TLR, target limb major amputation, mortality, and changes in ankle-brachial index, walking impairment questionnaire score, walking distance per 6-minute walk test, Rutherford-Becker Clinical Category, and quality of life with the EuroQol 5 dimensions questionnaire, in comparison with baseline.
All data were 100% source verified. An independent, blinded Clinical Events Committee adjudicated adverse events, and an independent Data Safety and Monitoring Board monitored the study for safety.
Statistical Analysis
The primary safety hypothesis was that the composite safety end point at 12 months in patients treated with DCB would be noninferior to PTA. The primary effectiveness hypothesis was that the composite effectiveness outcome at 12 months in patients treated with DCB would be superior to PTA. Based on a 2:1 randomization, 90% power, 1-sided α=0.025, and estimated effectiveness rates of 65% for DCB and 45% for PTA, 288 patients were required to be evaluable at 12 months. The sample size calculations were derived from the χ 2 test for the primary effectiveness end point and the Farrington-Manning score test for the noninferiority of the primary safety end point.
Outcomes are reported by using the intent-to-treat population, which included all randomly assigned patients regardless of actual treatment received. Continuous data are reported as mean and SD; categorical data are reported as frequencies and percentages. Comparisons of baseline characteristics were performed with independent samples t test, Wilcoxon signed rank test, χ 2 test, or Fisher exact test, as appropriate. As secondary analyses of the primary end points, Kaplan-Meier curves through the 12-month window (day 410) are provided along with associated log-rank P values. Survival estimates at 12 months (365 days) are provided as well. A clinical imputation for missing patency data (no DUS at 12 months and no CD-TLR) included a success-carried-backward imputation of the earliest post-12 months DUS patency success in the absence of target lesion revascularization or a failure-carried-forward imputation of the earliest DUS patency failure which included DUS obtained at hospital discharge. Multiple-imputation analysis was used for the imputation of the remaining missing primary end point data. Full imputation of missing covariate values using the Markov Chain Monte Carlo method and logistic regression for imputation of missing end points was used to produce 10 imputed data sets. The logistic regression model included selected predictive baseline covariates, and available 6-and 12-month outcomes, as well. The differences in proportions and associated standard errors were computed within each imputed data set. The statistics were combined across imputations to calculate the overall differences in proportions, associated confidence limits, and P values. The poolability of the data across clinical centers was assessed using a Cochran-Mantel-Haenszel test on the outcome, treatment, and site, with a prespecified P value >0.15 indicating poolability. There was no statistical evidence of a treatment interaction across centers for either primary safety or efficacy; therefore the data were considered poolable.
All analyses were prespecified in a statistical analysis plan. Data were analyzed with SAS version 9.3 or higher. Statistical significance was set at P<0.05 for all comparisons unless otherwise stated.
ILLUMENATE PK Study
The ILLUMENATE PK Study was a prospective, single-arm, multicenter study. The purpose of the study was to describe the pharmacokinetics of paclitaxel in the blood delivered from the Stellarex DCB.
Inclusion and exclusion criteria were almost identical to those from the ILLUMENATE Pivotal Study (Table 1) . Differences included the inclusion of up to 2 target lesions per patient, and the maximum allowable lesion length was 20 cm. No other DCB or drug-eluting stent could have been implanted or used within 12 months of the interventional procedure. There was also no exclusion criterion for chronic ORIGINAL RESEARCH ARTICLE renal insufficiency in the ILLUMENATE PK Study because paclitaxel metabolism is primarily hepatic and renal function would not be expected to influence the circulating paclitaxel concentration.
Within the ILLUMENATE PK Study, blood samples assayed for circulating plasma paclitaxel concentration occurred immediately after last DCB deployment and at 1, 4, and 24 hours, and at 7 and 14 days (as applicable) postprocedure. Resampling occurred if there were detectable levels of paclitaxel in the patient's sample at the prior evaluation or if the paclitaxel evaluation results of the previous time point were not available. Once the paclitaxel level was below quantifiable limits, the sampling stopped. Bioanalytical samples were evaluated by an independent core laboratory (Bioanalytical Systems, Inc. [BASi]).
RESULTS
ILLUMENATE PK Study
The ILLUMENATE PK Study enrolled 25 patients (34 target lesions) at 2 sites in New Zealand between June 2013 and June 2015. The mean age was 73.0 years and 56.0% (14/25) were male. Target lesions comprised 73.5% (25/34) de novo lesions and 14.7% (5/34) were chronic total occlusions. The mean lesion length was 5.5 cm. A total of 5 lesions (14.7%) received treatment with 2 DCBs.
Mean paclitaxel plasma concentrations for the 25 patients assessed in the ILLUMENATE PK Study are shown in Figure 1 . Paclitaxel clearance was as ex-pected 7 ; all patients had detectable levels of paclitaxel immediately after the last DCB deployment that declined rapidly within the first hour (54.4±116.9 ng/ mL to 1.4±1.0 ng/mL), followed by a gradual decline to 0.3±0.1 ng/mL over 24 hours. Paclitaxel concentrations after 24 hours were below the lower limit of quantification (<0.100 ng/mL) in 96% (24/25) patients. C max (maximum observed concentration) was 54.4 ng/mL, area under the curve from t=0 until 24 hours was 37.2 ng×hours/mL, and T 1/2 (terminal elimination half-life) was 10 hours.
ILLUMENATE Pivotal Study
Baseline and Procedural Characteristics
Between June 2013 and July 2015, 300 patients (200 DCB, 100 PTA) were enrolled at 43 sites (41 in the United States and 2 in Austria). Patients were randomly assigned following successful predilatation. Eleven patients were screen failures because of residual stenosis of >70% or flow-limiting dissections requiring stent placement following predilatation. A study flow chart is provided in Figure 2 . Baseline patient and angiographic lesion characteristics were similar between groups (Table 2 and Table 3 ). Mean reference vessel diameter was significantly greater in the PTA versus the DCB group (5.2 mm versus 4.9 mm, P=0.017), and there were more restenotic lesions in the PTA cohort (DCB: 9.5%, PTA: 18.0%, P=0.035); no other statistically significant differences were noted between groups. Of clinical importance, there was a high percentage of women (DCB: 44.0% versus PTA: 36.0%, P=0.185), patients with diabetes mellitus (DCB: 49.5% versus PTA: 52.0%, P=0.683), obesity (DCB: 39.5% versus PTA: 30.0%, P=0.107), and a high degree of severe calcification (defined by the core laboratory as calcific radio-opacities noted on both sides of the arterial wall and extending >1 cm of length from at least 2 views of 30 degrees difference from one another before contrast injection or digital subtraction) (DCB: 43.9% versus PTA: 43.0%, P=0.877). The mean lesion length was 8.0 cm in the DCB cohort and 8.9 cm in the PTA cohort (P=0.105).
Procedural details and immediate outcomes were comparable between groups ( Table 4 ). All patients underwent predilatation with a PTA balloon before treatment with DCB or PTA. Mean balloon inflation time per lesion was 3.9±2.0 minutes in the DCB cohort and 3.7±2.3 minutes with PTA (P=0.557). Provisional stent placement occurred in 6% of cases in each cohort. No flow-limiting dissections occurred in either group. One patient treated with DCB (0.5%) and no patients undergoing PTA had an ipsilateral embolic event of the target limb through 12 months. Procedural success, defined as final in-lesion residual diameter stenosis of ≤50% without the occurrence Data are reported as mean±SD or % (n/N). N/A indicates not applicable. *Defined as final in-lesion residual diameter stenosis of ≤50% without the occurrence of a major adverse event during the procedure. of a major adverse event during the procedure, was achieved in 98.5% in the DCB cohort and 98.0% in the PTA (P>0.999).
The composite primary safety objective demonstrating noninferiority was met (P=0.001). Moreover, superiority of DCB over PTA was demonstrated with a rate of 92.1% (174/189) in the DCB cohort and 83.2% (79/95) in the PTA cohort (P=0.025) through the full predefined 12-month follow-up window of 410 days. There were no device-or procedure-related deaths through 30 days and no target limb major amputations; therefore, the primary safety end point rate was driven solely by CD-TLR. The primary effectiveness end point, primary patency, was also met and superiority demonstrated with a significantly higher patency rate observed with DCB than with PTA (76.3% [135/177] versus 57.6% [53/92], P=0.003) through the full 12-month follow-up window of 410 days. Per Kaplan-Meier estimates (Figure 3 ) at day 365, the patency rates were 82.3% versus 70.9% (P=0.002 by log-rank test).
The CD-TLR rate through day 410 was significantly lower in the DCB cohort than the PTA cohort (7.9% [15/189] versus 16.8% [16/95]; P=0.023). Likewise, freedom from CD-TLR through 12 months per Kaplan-Meier estimates was significantly higher in the DCB cohort: 93.6% versus 87.3% (estimates at 365 days, logrank P value= 0.025, Figure 4 ). No major amputations were reported in either group. All-cause mortality was comparable between groups through 12 months (2.6% DCB versus 2.1% PTA, P value >0.999). No deaths were determined by the Clinical Events Committee to be device or procedure related.
Walking impairment questionnaire composite scores were improved at 12 months in comparison with baseline in 78% of patients in both cohorts. Similarly, 73% of patients in both cohorts had an improvement in walking distance as assessed by the 6-minute walk test at 12 months in comparison with baseline. The mean change in EuroQol 5 dimensions questionnaire index scores was 0.10 (55.9% with improved scores) in the DCB cohort and 0.04 (53% with improved scores) in the PTA cohort. The DCB cohort achieved these comparable functional outcomes with a 46.9% lower TLR rate. Additional 12-month outcomes are provided in Tables 5 and 6 . Outcomes were similar in women in comparison with men and are reported in Table 7 . A logistic regression model was used to assess for interaction by sex for the primary effectiveness end point (P interaction =0.86). Comparing DCB with PTA, primary patency was 82.3% versus 70.9% at day 365 (P=0.002 by log-rank test). CI indicates confidence interval; DCB, drug-coated balloon; and PTA, percutaneous transluminal angioplasty.
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DISCUSSION
The ILLUMENATE Pivotal trial demonstrated superior safety and effectiveness of the Stellarex DCB in comparison with the uncoated PTA for the treatment of symptomatic femoropopliteal artery disease. This study had a preponderance of patients who were women, who were obese, and who had diabetes mellitus. There was also a high percentage of lesions that were categorized as severely calcified.
Female sex has been associated with inconsistent outcomes after DCB use. In the women enrolled in the LEVANT 2 Trial, the primary effectiveness end point of primary patency was met in 56.4% (57/101) treated with the Lutonix DCB and 61.4% (27/44) treated with PTA. 16 Although not powered to statistically examine differences in results between sexes, these outcomes raised concerns for reduced treatment effect in women. However, women in the IN.PACT SFA study did experience a significantly higher patency rate following treatment with the IN.PACT DCB than with PTA. 9 In the ILLUMENATE Pivotal Study, a significant treatment effect was observed in women after use of the Stellarex DCB in comparison with PTA, with no significant dif-ference in primary patency between men and women (80.9% versus 84.1%, log-rank P value= 0.4851).
Definitions of calcium severity differ. Circumferential calcium has been show to be a stronger predictor of failure than longitudinal calcification, 17, 18 with the former being the main component in all published definitions of severe calcium. 17, [19] [20] [21] Calcium may act as a barrier to the absorption of paclitaxel resulting in greater late lumen loss and lower primary patency rates. The definition or criteria for a lesion to be classified as severely calcified were not published in other DCB trials and likely vary. However, only 8% to 10% of lesions studied were designated as severely calcified in said DCB trials. The ILLUMENATE Pivotal Study did not exclude lesions based on the degree of calcification, and, per protocol, allowed randomization of any lesion that was successfully predilated with a plain balloon angioplasty.
The effectiveness of the Stellarex DCB despite the higher prevalence of core laboratory-defined calcified lesions, women, and patients with diabetes mellitus, was demonstrated in the ILLUMENATE Pivotal trial. It is important to note that results obtained from different DCB trials are not uniform or comparable and each DCB must be evaluated on the strength of the corresponding data. The demonstrated differences in effectiveness across DCBs may be explained by technical features such as drug dose, coating formulation, and type of excipient, which all affect the pharmacokinetic profile. These features impact drug tissue release timing and maintenance of therapeutic levels, as well as drug wash-out and downstream embolization. 22 Procedural variables such as balloon sizing, inflation times, correct alignment (avoiding geographic miss), and inflation pressures impact the effectiveness of the DCB as well.
The Stellarex DCB uses a 2 μg/mm 2 paclitaxel dose in a hybrid formulation made of both amorphous and crystalline constituents combined with a polyethylene glycol (PEG) excipient. The hybrid formulation helps maintain coating integrity in comparison with pure crystalline while allowing for sustained drug tissue release. 22 PEG is a polymer characterized by high molecular weight that results in durability of the drug coating, enabling it to be resistant to balloon deformation such as flexion and elongation. 23 Furthermore, PEG has shown a high affinity for hydroxyapatite, the primary structural mineral form found in calcified atherosclerotic lesions to which PEG forms ionic bonds. 24 The combination of the hybrid coating and the durability of PEG is the basis of the drug transfer efficiency of the Stellarex DCB; the affinity of PEG for hydroxyapatite may maintain this transfer efficiency in the presence of calcified lesions and may explain the statistically superior primary patency of the Stellarex DCB over PTA despite the core laboratory-defined larger number of patients with severe calcification.
Despite the lack of physician blinding to patient treatment during follow-up evaluations, the CD-TLR rate in the PTA cohort of this trial (16.8%) is the same as the double-blinded LEVANT 2 Study. 7 It is noteworthy that the Kaplan-Meier estimate of freedom from loss of patency at day 365 in the PTA cohort is high at 70.9%. However, the proportional rate, taking into account the full follow-up window, is 57.6% (53/92), and comparable trial results have had similar rates of 52.4% (54/103) for IN.PACT SFA 6 and 52.6% (71/135) in LEVANT 2. 7 In addition, the provisional stent rate of 6% in the LLUMENATE Pivotal Trial is in line with previous DCB investigational device exemption studies. 6, 7 These similar results, in a more complex study cohort, are likely attributable to angioplasty techniques including long inflation times (3.9 minutes). Improvements in walking distance, Rutherford-Becker Clinical Category, and ankle-brachial index were similar between cohorts; however, the outcomes were achieved in the PTA cohort with twice as many revascularization procedures. The demonstrated effectiveness and the low stent rate illustrate that the Stellarex DCB can achieve sustained effectiveness with an excellent safety profile in a diverse and complex patient population.
Limitations
Although occurring despite randomization, the higher prevalence of restenotic lesions in the PTA cohort may impact the study results. Long-term follow-up is required in determining the extended durability of the intervention. Outcomes from this trial cannot be generalized to patients not included in this trial or to other DCBs. Future studies should encompass adjunctive therapeutic options, and optimal medical therapy and exercise, as well.
CONCLUSIONS
The ILLUMENATE Pivotal Trial is a prospective, multicenter randomized trial that confirms that the Stellarex DCB is superior to PTA for both safety and effectiveness for the treatment of symptomatic (Rutherford class 2-4) femoropopliteal disease. Pharmacokinetic data show that plasma concentrations are at low levels by 1 hour after use. The 12-month clinical outcomes demonstrate superior patency over standard PTA and superior freedom from CD-TLR, despite the complexity of patients studied. This trial establishes the Stellarex DCB as an important consideration in the treatment algorithm for patients with superficial femoral artery and popliteal disease.
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